A brightness-enhanced transflective liquid crystal display having a single-cell gap was demonstrated in a vertically aligned (VA) configuration with a patterned retardation layer. The photopatterned retarder was made of a UV-polymerizable liquid crystal (LC) through a single patterning process. The homeotropic LC alignment in the transmissive region and the planar LC alignment in the reflective region were directly produced on the patterned retarder. High reflectance and fast response characteristics were achieved in a single VA transflective LCD with a patterned retardation layer.
For mobile applications, the importance of transflective liquid crystal displays (LCDs) has increased tremendously because of their low power consumption and outdoor readability. [1] [2] [3] The individual pixels in the transflective LCDs are normally divided into two regions, transmissive and reflective regions. A way of compensating the optical path difference between the two regions is to use a multigap design. [2] [3] [4] Due to complicated fabrication problems involved in the multigap case, a single-gap design having peroidically patterned electrodes 5) or a hybrid alignment with two different modes 6) has been recently proposed. In the hybrid single-gap, however, the optical path difference must be compensated by two different LC modes.
In recent years, several single-gap transflective configurations with a single LC mode, such as the twisted nematic (TN) 7) or the in-plane switching (IPS) mode, 8) have been proposed. In such single-LC-mode cases, the optical path difference between two regions should be compensated by two separate retardation plates with identical thickness. Therefore, for the aim of low cost and self-alignment, a micropatterned retarder is required. A two-step photoalignment technique 9, 10) for fabricating a micropattered retarder has been employed using a UV-polymerizable liquid crystalline material. 11) Although most transflective LCDs with a single LC mode have been realized in simpler configurations, additional processes of producing dual domain structures in the retarder are inevitably involved. Moreover, the optical efficiencies in the TN and IPS cases 7, 8) are limited due to the optical mismatch in the TN and the optical loss due to the IPS electrodes, respectively. Therefore, the brightness in these cases should be enhanced to improve the outdoor readability necessary for practical applications.
In this work, we propose a brightness-enhanced transflective LCD having a single cell gap in a vertically aligned (VA) configuration with a patterned retardation layer. The photopatterned retarder was fabricated through the one-step patterning process. It was found that this transflective LCD has a high reflectance 30% greater than those of existing cases 7, 8) and fast switching times on the order of milliseconds.
Our transflective LC cell configuration is shown in Fig. 1 . The LC cell is composed of two polarizers, a quarter-wave plate, the VA LC layer and a patterned retardation layer. The optical axes of polarizers are parallel to each other. The optical axis of the front quarter-wave plate and the easy axis of the LC layer are at 45 and À45 with respect to the direction of the polarizer, respectively. The patterned retardation layer has two domains, i.e., the c-layer and the =4-layer (q-layer), which are placed in the reflective and the transmissive region, respectively. The optical axis of qlayer is at 45 with respect to the direction of the polarizer. In our transflective LCD, the self-integrated retardation layer was fabricated directly onto the LC cell using the one-step process of the photoalignment of a UV-polymerizable LC. Figure 1 shows the operation principle of our transflective LC cell. Without applying a voltage, the VA LC layer has no optical retardation. In the reflective region as shown in Fig. 1(a) , a polarization state of linearly polarized input beam from the front polarizer is rotated by 90 through the front quarter-wave plate, the reflector, and the quarter-wave plate in sequence. The c-layer does not produce the optical retardation. Therefore, the outcoming light is blocked by the front polarizer. Under an applied voltage, the LC layer produces an optical retardation. Above a certain value of the voltage, the LC molecules in the VA layer are reoriented parallel to the substrate, and thus the VA layer behaves as a quarter-wave plate. The retardation of the front quarter-wave plate is then optically cancelled through the VA LC layer, eliminating optical retardation. Thus, the outcoming light is transmitted through the front polarizer and a bright state is obtained. In the transmissive region, as shown in Fig. 1(b) , the polarization state of linearly polarized input light, from the backlight, through the back polarizer is rotated by 90 from the q-layer and the front quarter-wave plate. The outcoming light is then blocked by the front polarizer in the absence of applied voltage. At a high voltage, the LC is reoriented parallel to the substrate and thus the optical retardation of the q-layer is cancelled by the VA LC layer. In this case, the input light undergoes only =4 optical retardation, and the light is transmitted through the front polarizer.
For the fabrication of a VA cell, JALS-203 (Japan Synthetic Rubber) was spin-coated onto the indium-tinoxide-deposited glass substrate and baked at 200
C for 1 h. The surface was treated by the rubbing process. Two glass substrates were combined with a cell gap of 2 mm, using spacers. MJ96758 (Merck) was filled at room temperature. The retardation layer was formed on the glass. For the reflective part of the display, aluminum (Al) was deposited on the glass. The polymaleimide-based photoreactive polymer shown in Fig. 2(a) , was used as an alignment layer. The polymer dissolved in cyclopentanone was coated onto the substrate and baked at 150 C for 30 min. The polarized UV light with an intensity of 20 mW/cm 2 was irradiated through a photomask for 200 s onto part of the photopolymer, as shown in Fig. 2(b) . Before applying the LC coating, the polymer was exposed to UV light without the photomask at 10 mW/cm 2 for 1 s and the photo-polymer was insolubilized in solvents.
12) The UV-polymerizable LC, LC242 (BASF), with photo-initiator, was dissolved in chloroform. The solution was coated onto the UV-treated photopolymer substrate. The LC layer was baked at 100 C for 1 min and polymerized with UV irradiation at 40 mW/cm 2 for 100 s. The fabricated retarder having both homeotropic and planar parts, as shown in Fig. 2(c) , was attached to the VA cell. An image of the retardation layer was taken using a polarized microscope (Nikon) with a digital camera (Toshiba). For the measurement of the electrooptic property, a He-Ne laser of 632.8 nm was used as a light source.
We adopted a photopatterned optical compensation layer to achieve the single LC mode in the transflective LCD. The photopolymer having a photoreactive side chain was used as an alignment layer for UV-polymarizable LC monomer. As shown in Fig. 2(a) , the photoactive cinnamoyl group is attached to the polymaleimide backbone. As an alignment layer, this polymer induces an orientational transition of LC from the homeotropic to the planar configuration depending on the UV irradiation. As shown in Fig. 2(b) , the photopolymer was irradiated by UV light with an amplitude mask. The UV-polymerizable LC monomer, coated onto the treated layer, has homeotropic and planar configurations in unexposed and exposed areas, respectively. The configurations are fixed by the cross-linking reaction. The LC layer has homeotropic and planar domains, as shown in Figs. 3(a)  and 3(b) . The homeotropic part shows the dark state in any Fig. 2 . Structure of side-chain photopolymer (a), UV exposure scheme (b), and structure of patterned retarder (c). direction of the optical axis. In contrast, the planar domain shows dark and bright states depending on the direction of the polarizer. The phase retardation, 2dÁn=, of the retarder was measured using the photoelastic modulation (PEM) technique. 13) Here, d, Án, and represent the thickness, the optical anisotropy of the retarder, and the wavelength of the light used, respectively. The measured results are shown in Fig. 3(c) . The maximum phase retardation was about 1.62 in the planar region, which corresponds to =4 for ¼ 633 nm. In contrast, the retardation in the homeotropic region was only 0.09. In this study, the retardation layer is positioned outside of the LC cell. In general, it will also be possible to include the compensation layer in the LC cell to achieve a thinner and more durable display.
We performed numerical simulations to obtain the electrooptic (EO) characteristics of our transflective LC cells using the extended Jones matrix formulation.
14) The profile of the LC director as a function of applied voltage was also simulated based on Oseen's 15) and Frank's continuum theory.
16) The material parameters of LC used for numerical simulations are the elastic constants K 1 ¼ 13:0 Â 10 À12 N and K 3 ¼ 15:0 Â 10 À12 N, the ordinary refractive index n o ¼ 1:4582 þ 5558= 2 , the extraordinary refractive index n e ¼ 1:5323 þ 7784= 2 , the dielectric anisotropy " a ¼ À4:9 and the rotational viscosity 1 ¼ 0:148 PaÁs. Here, is the wavelength of the incident light in nm. The refractive index is 1.5 for both glass and polarizer. Figure 4 shows the experimental EO results and those of numerical simulations for the VA transflective cell as a function of applied voltage. The symbols and the lines represent the experimental results and the numerical simulations, respectively. The reflectance and transmittance are the ratio of output intensity to input intensity. The maximum reflectance of our transflective LCD was 0.41, which is much higher than the reflectance of 0.3 for TN 7) and 0.25 for IPS.
8)
The brightness of the transmissive region depends on the intensity of the backlight. In contrast, the brightness of the reflective region depends on the ambient light, which cannot be controlled. In this respect, the reflectance is more important for improving the brightness of the transflective LCD itself. Furthermore, the maximum transmittance of our configuration, 0.21, is much lower than the reflectance, while it is similar to the reported value. 8) The difference in brightness between the transmissive and reflective regions due to the different efficiencies can be balanced by adopting a bright backlight or by reducing the size of the reflective region compared with the transmissive region in a pixel. The measured rise and fall times of the response were found to be 2.9 and 0.36 ms, respectively. These fast switching times are a result of the small cell gap, 2 mm, corresponding to =4. In the proposed configuration, we can obtain fast switching times and high reflectance at the same time by adopting the thin LC cell.
In summary, we have demonstrated a transflective LCD in a single-cell gap and a single VA mode with a patterned retarder. The proposed configuration was fabricated in a simple manner due to the single LC configuration and the one-step patterning process for the retarder. We also have shown that our transflective LCD has good EO characteristics such as high reflectance and fast switching times. The reflectance was much higher than those of existing LCDs and the switching times are fast enough for video-rate applications. The proposed transflective LCD can be used in high-end mobile applications.
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